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P 
We investigate low-index core photonic crystal fibers. Dispersion properties very different from standard 
fibers are found. Both zero dispersion and very large dispersion is shown possible a t  1550 nm wavelength. 
A promising new field in optical fiber technol- 
ogy has appeared within the last few years through 
the realization of so-called photonic crystal fibers 
(PCF) [1,2]. Such PCFs are characterized by a 
wavelength-scale periodic arrangement of air holes 
on a silica background material (a photonic crys- 
tal structure) with a central periodicity-breaking re- 
gion forming the core. The PCFs, recently fabri- 
cated, have had a design based on a triangular pho- 
tonic crystal cladding structure and centrally a sin- 
gle, missing air hole forming the core. Remark- 
able properties for this type of PCFs have been re- 
ported, as for example single-mode operation over 
an unusually wide wavelength range (from at least 
337-1550 nm) [2], and many other properties signif- 
icantly different to  standard optical fibers are ex- 
pected [3,4]. Despite the periodic arrangement of 
air holes (generally classified as a photonic crys- 
tal structure), it is, however, important to no- 
tice that no photonic bandgap effects in these PCFs 
have yet been observed. The triangular high-index 
core PCFs do, however, support a fundamental mode 
that is index-guided [l]. This is because the fun- 
damental mode confined to the high-index core re- 
gion, experiences the surrounding photonic crys- 
tal cladding as a media with an effectively lower in- 
dex, thereby allowing total internal reflection to take 
place. 
Fundamentally different to index-guiding is local- 
ization of light by the photonic bandgap (PBG) ef- 
fect. Recently we have presented a new PCF design, 
and theoretically demonstrated how it is possible, by 
using an improved photonic crystal cladding struc- 
ture and a low-index core region, to obtain guided 
modes having an effective index below that of the 
surrounding cladding structure [5]. This PBG guid- 
ing PCF (see Figure 1) does not support a funda- 
mental index-guided mode, as a result of the low- 
index core, but relies its operation solely on PBG ef- 
feas. Of crucial importance is the improved cladding 
structure, based on a so-called honeycomb pho- 
tonic crystal, which exhibits PBG effects at re- 
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alizable fiber parameters, a quality not found in 
the recent triangular-based PCFs. This exhibi- 
tion of PBG effects at fabricatable parameters repre- 
sents of course the most basic requirement for realiz- 
ing fibers operating by the novel waveguiding mech- 
anism. 
Fig. 1: Schematic of the basic design of a honeycomb- 
based PBG guiding photonic crystal fiber. 
To illustrate the basic characteristics of the PBG 
guiding PCF, and to serve as a basis for the investiga- 
tions of its more advanced properties, we have in Fig- 
ure 2 depicted the modal index, Plk, as a function of 
the normalized wavelength, A/A, where /3 is the prop- 
agation constant of the mode, k is its free-space wave 
number, and the normalization factor A is the cen- 
ter distance between two nearest air holes. The il- 
lustration is for a PCF with cladding hole diame- 
ters of 0.55A,  and a central hole-defect having a di- 
ameter of 0.33A. For the calculations we em- 
ployed a super-cell enhanced full-vectorial plane- 
wave method [6,7] using 1451 basis functions. In 
the figure, we have also included the envelope of the 
lowest-order mode, supported by the photonic crys- 
tal cladding structure. This envelope defines the ef- 
fective index of the cladding, and we have used 
the term radiation line, to emphasize its correspon- 
dence with the cladding index of standard fibers. 
For standard fibers, as well as for the index-guiding 
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PCFs, the modal index curve is of course appear- 
ing above the radiation line, since this is the only re- 
gion in which localization of light through total in- 
ternal reflection is possible. 
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Fig. 2: Modal analysis of the PBG guiding photonic 
crystal fiber. The material dispersion of silica is not in- 
cluded. 
The fundamentally different operation of the 
PBG guiding PCF is realized, by the opening up of 
forbidden regions below the radiation line. Within 
these photonic bandgap regions, the locally broken 
periodicity around the core region will allow for con- 
finement of light that is being expelled from the 
(full-periodic) cladding structure. Indeed, a single 
doubly-degenerate mode is seen to traverse the first 
bandgap region from approximately Xlh = 0.3 to 
1.6. Another mode enters the second, lower PBG re- 
gion at approximately X/A = 0.4 and is extend- 
ing to X/A M 0.1. For the specific parameters pre- 
sented here, the honeycomb PCF will, thus, be 
single-moded in the normalized wavelengths range 
from 0.4 to 1.6. For a PCF with the realistic hole sep- 
aration, A, of 2.0 pm this range corresponds to 
X = 0.8 to 3.2 pm. These so-called defect-modes 
are strongly confined to the core (despite this be- 
ing a low-index region), and may thus be guided 
over long lengths without coupling to the surround- 
ing cladding structure. The PBG effect, hereby, pro- 
vide us with a completely new type of optical fiber. 
This is of course of large fundamental interest in the 
field of optical fiber technology, and due to the dif- 
ferent operation compared to today's fibers, we ex- 
pect them to have a great potential for improv- 
ing and adding upon the wide range of applica- 
tions of optical fibers. One of the key aspects is 
of course the dispersion properties, and in partic- 
ular we in this work illustrate the new possibili- 
ties within dispersion management offered by the 
PBG guiding fibers. 
Qualitative information about the dispersion in 
the PBG guiding fibers may be obtained by regarding 
the curvature of the mode-curve in Figure 2. In this 
context, a strong downwards bending indicate a large 
positive dispersion, and vice versa, according to the 
expression 
(1) 
X d2n 
c dX2 
D = __-  
where n is the mode index P/k. From Figure 2, we, 
therefore, realize that the PBG guiding PCF offers 
the potential of a large positive dispersion in a wave- 
length range where the fiber is single-moded. This 
feature is not seen in index-guiding fibers, and is 
our first indication of the unique dispersion prop- 
erties of the PBG guiding fibers. 
In order to accurately determine the disper- 
sion properties of the honeycomb PCF, we again em- 
ployed the full-vectorial plane-wave method, but to  
include also the material dispersion of silica, we 
used an iterative scheme incorporating the gener- 
ally used Sellmeier dispersion relation [B] .  The result 
of such a dispersion calculation for a series of hon- 
eycomb PCFs with A-values ranging from 1.4 pm to 
2.9 pm (and hole sizes similar to that of the previ- 
ously studied PCF) is illustrated in Figure 3. For ap- 
plications within the area of telecommunication, we 
have chosen to focus on the wavelength range from 
1.2 to 1.7 pm. We notice how a very large posi- 
tive dispersion may be achieved in this range, in 
agreement with that expected from the relatively 
strongly downwards bending mode-curve in Fig- 
ure 2 (for A = 1.4 pm, this 1.2 to 1.7 pm range cor- 
responds to  XJA = 0.9 to  1.2). Especially, disper- 
sion values as large as 250 ps/km/nm km at 1550 
nm wavelength is seen to be realizable for the single- 
mode PBG guiding PCF with A = 1.4 pm. 
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Fig. 3: Dispersion of the PBG guiding photonic crys- 
tal fiber. The material dispersion of silica is included 
through the Sellmeier dispersion relation. 
From a more application oriented point of view, 
it is probably even more relevant to minimize the dis- 
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persion variation across a very wide wavelength win- 
dow, but still keep a certain non-zero value for 
improved four-wave mixing performance. As de- 
scribed for standard fibers in [9], fibers with disper- 
sion slopes of 0.045 ps/km/nm2 and dispersion val- 
ues in the range of 2-8 ps/km/nm have been fab- 
ricated. We will, therefore, direct our attention to 
some of the possibilities of the new PCFs in this re- 
spect, and this is indicated by some of the lower 
curves in Figure 3. Again, in agreement with a cor- 
responding almost linear mode-curve section in Fig- 
ure 2, we find for A = 2.9 pm the important result of 
a very flat dispersion curve, having nearly zero dis- 
persion at 1550 nm. 
This early study of dispersion in PBG-guiding 
PCFs, where no optimizations of the PCFs have 
been performed, leads us to conclude that these 
new fibers have dispersion characteristics very dif- 
ferent from standard optical fibers. Noticeably, the 
fibers may be designed for flat, near-zero disper- 
sion over a wide wavelength range, or they may ex- 
hibit dispersion significantly above the material dis- 
persion. Therefore, new dispersion management 
schemes appear to be opened up by the emergence 
of these fibers. At the conference we will be address- 
ing the dispersion properties of realistic PCFs fur- 
ther, and aim at revealing some of their ultimate per- 
formance limits. 
To conclude, we wish to emphasize that the area 
of PBG guiding fibers is completely new, and we are 
here only providing the very first insight into their 
dispersive properties. We expect much future work 
to explore their full potential, and this is of course far 
from limited to dispersion managing purposes only. 
Finally, the new means of light-matter interaction, 
only offered by the PBG guiding PCFs, seem also 
very promising for future sensor applications. 
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